Abstract -Media-based bacteriological testing will fail to detect non-culturable organisms and the risk of consuming viable but non-culturable (VBNC) Listeria monocytogenes is unknown. We have here studied whether L. monocytogenes obtained from seafoods, processing environment and clinical cases enter the VBNC state and assessed the virulence of the non-culturable forms of the bacteria. A number of 16 L. monocytogenes strains were starved in microcosm water at 4°C until loss of culturability. Metabolic activity in the VBNC form was measured as ATP generation using a luciferase assay and membrane integrity was examined using the LIVE/DEAD BacLight assay. All tested L. monocytogenes strains entered the VBNC state after starvation in microcosm water. Ongoing mRNA synthesis of hly in VBNC L. monocytogenes cells re-incubated in culture medium indicated a potential virulence of these forms. Sodium pyruvate and replenishment of nutrient were used in attempts to resuscitate VBNC cells. However, VBNC L. monocytogenes were not resuscitated under these conditions. VBNC L. monocytogenes were tested for virulence in a cell plaque assay and by intraperitoneally inoculation in immunodeficient RAG1 À/À mice. Inoculation of VBNC L. monocytogenes in immunodeficient mice did not cause morbidity, and plaque assay on HT-29 cells in culture indicated that the VBNC cells were avirulent. The results indicate that the risk of non-culturable L. monocytogenes in foods, when the VBNC state is induced by starvation, is negligible.
INTRODUCTION
The occurrence of Listeria monocytogenes in foods has been a growing concern over the last decades. The bacteria cause listeriosis, a rare but serious illness, especially for the risk groups; the elderly, unborn children and immunocompromised persons. In 2007, 0.3 cases per 100 000 were reported in the EU states, with a mortality of 20% [2] . Several small outbreaks of listeriosis have been associated with seafood [11, 22, 23, 30] , and some countries have zero tolerance for L. monocytogenes in imported fish. Producers of seafood products demand L. monocytogenes free raw material for further processing, and the surveillance of L. monocytogenes during seafood-processing is becoming increasingly important.
Viable but non-culturable (VBNC) bacteria have been described as organisms that fail to grow and develop colonies on routine bacteriological media, but which are to be considered alive because of their capability of metabolic activity [34] . A number of pathogens including Vibrio vulnificus [33] , Legionella pneumophila [45] , Salmonella typhi [16] and Campylobacter jejuni [46] have been described to enter the state of VBNC after exposure to different stress factors such as starvation, shifts in temperature, high NaCl concentration and visible light [36] . L. monocytogenes has been shown to enter the VBNC state in response to starvation and exposure to high NaCl concentrations [6, 8] . However, the studies included only four culture collection strains, of which only two were able to enter the VBNC state after starvation in microcosm water.
ATP levels, declining rapidly in dead cells, have been reported to remain high in VBNC cells, thus presence of ATP is a good viability marker of cells in the VBNC state [9, 24, 27] . The LIVE/DEAD BacLight assay, utilizing a mixture of the stains SYTO 9 and propidium iodide to evaluate cell membrane integrity, has been used to confirm viability in non-cultural bacteria [1, 27, 37] . Detection of mRNA, due to its central role in cell metabolism and its very short half-life, has previously been used as a viability marker for several pathogens including Vibrio cholerae [4] , Escherichia coli [43] , L. monocytogenes [26] and Vibrio parahaemolyticus [18] . Since Listeriolysin O (hly) is an important virulence factor in L. monocytogenes, expression of hly in the VBNC state will indicate a virulence potential present in the bacteria in the VBNC state.
The ability of L. monocytogenes to enter the VBNC state is of concern since media-based bacteriological tests used in routine will fail to detect non-culturable organisms from the processing environments and the products, and the hazard risks of consuming VBNC L. monocytogenes is still unknown. VBNC L. monocytogenes in foods might theoretically be able to resuscitate and account for virulence. Most studies on resuscitation have been performed on Vibrio sp., where a simple temperature up-shift or supplementing media with H 2 O 2 -degrading compounds such as Na-pyruvate results in resuscitation [31, 33, 35] . VBNC L. monocytogenes cannot be resuscitated directly in culture medium [8, 20] , nevertheless they have been shown to resuscitate under appropriate conditions such as in embryonated eggs [14] .
To our knowledge, little is known about how VBNC L. monocytogenes may resuscitate in the human organism. In the present study, we sought to investigate whether L. monocytogenes isolated from salmon and salmon-processing environment and clinical isolates were able to enter the VBNC state during starvation, and if the VBNC forms were virulent towards immunodeficient mice and human colon adenocarcinoma cells in culture.
MATERIALS AND METHODS

Bacterial strains and culture conditions
Fourteen strains of L. monocytogenes comprising six clinical isolates, five strains isolated from salmon and three strains isolated from processing plants [42] were studied. In addition, the Scott A (Pasteur Institute Culture Collection, France) and the EGDe strain [32] were included. Unless otherwise stated, bacteria were cultured in Brain Heart Infusion broth (BHI) (Oxoid, Basingstoke, UK) at 32°C. Colony forming units (CFU) were determined by plating appropriate dilutions on 5% bovine blood in blood agar base (Oxoid), followed by incubation at 37°C for 24 or 48 h.
Starvation in microcosm water
Overnight BHI cultures of L. monocytogenes were washed three times in microcosm water (filtrated, autoclaved MQ water adjusted to pH 6.0) [41] , and diluted to 5 · 10 7 organisms/mL in 100 mL microcosm water in 250 mL flasks. The flasks were incubated at 4°C with gentle shaking at 100 rpm. At inoculation and each week samples from the flasks were plated on blood agar for determination of CFU. The plates were incubated at 37°C for 48 h. When no CFU were detected in 1 mL microcosm water, the organisms were examined for metabolic activity (ATP generation), damage to membranes (LIVE/DEAD BacLight TM viability 
ATP assay
In order to test for ATP generation, 3 mL of the L. monocytogenes in microcosm water was pelleted for 5 min at 10 000 · g, and re-suspended in 220 lL BHI. The samples were divided in two, and ATP was quantified in half of the sample immediately while the other half was incubated at 32°C for 1 h before ATP quantification. ATP was quantified using the BacTiter-Glo Microbial Cell Viability assay kit (Promega, Madison, WI, USA) where 100 lL sample was mixed with 100 lL luciferase reagent and incubated for 5 min at room temperature. Luminescence (relative light units (RLU)) was recorded by a GloMax Integrated Luminescence System (Promega). The remaining 10 lL of each sample was plated on blood agar to exclude that quantified ATP was generated by a limited number of cells that have not lost culturability. Previous experiments had shown a detection limit of 1 · 10 3 culturable L. monocytogenes cells by the BacTiter-Glo Microbial Cell Viability assay kit 1 , thus plating of 10 lL would reveal culturable cells above the detection limit. ATP was quantified in BHI without VBNC cells as negative control. Each strain was tested in at least three experiments. An ATP standard curve was used for convertion of RLU values into ATP concentration (Roche Diagnostics, Mannheim, Germany).
Four randomly chosen strains (L839, L1069, L1372 and L2842) were grown to stationary phase, and diluted samples from the cultures were tested for ATP content, and plated on blood agar for determination of CFU. A curve was created by plotting ATP concentration against CFU, to estimate the number of L. monocytogenes cells corresponding to a known ATP concentration.
LIVE/DEAD BacLight
TM bacterial viability fluorescence microscopy Viability of non-culturable L. monocytogenes was examined using the LIVE/DEAD BacLight TM bacteria viability kit L-7007 (Molecular Probes, Eugene, OR, USA) according to the manufacturer's directions, and visualized with an Olympus IX81 inverted fluorescence microscope. The LIVE/DEAD BacLight TM assay is based on cell membrane integrity. The fluorescent SYTO 9 stain viable bacteria cells with intact membranes green, while propidium iodide stains dead organisms with compromised membranes red.
For each of the 16 tested strains, viable bacteria were observed in five random fields in each of two independent experiments from the same VBNC culture.
Transcriptional analysis by reverse transcriptase PCR (RT-PCR)
To demonstrate de novo mRNA synthesis of hly in VBNC L. monocytogenes, VBNC cells were incubated in BHI with and without rifampicin (SigmaAldrich), which inhibits mRNA synthesis. Five mL of VBNC solution was spun down at 10 000 · g for 5 min, re-suspended in BHI with 10 lg/mL rifampicin (Sigma-Aldrich) and incubated at 32°C for 2-10 h. The RNeasy Mini Kit (Qiagen, Hilden, Germany) was used for isolation of total RNA. The cDNA synthesis was performed using 0.5 lg of DNase treated RNA; 0.2 lM reverse hly primer, 1 mM dNTP mix; 10 mM DTT, 1 · First Strand Synthesis Buffer (Invitrogen, Carlsbad, CA, USA) and 200 U SuperScript III Reverse Transcriptase (Invitrogen), and incubated at 55°C for 60 min. RNA was incubated in cDNA synthesis reaction buffer without reverse transcriptase to serve as a control for DNA contamination. Eight lL of the RT reaction was used in the following PCR amplification using 2 U DyNAzyme (Finnzymes Oy, Espoo, Finland) under following conditions; 94°C for 4 min followed by a temperature cycling routine of denaturation at 94°C for 1 min, annealing at 52°C for 1 min and extension at 72°C for 1 min. After 36 cycles a final extension at 72°C for 5 min was performed and the tubes were cooled to 4°C. The primers used in the cDNA synthesis and the PCR reactions were hly forward (5 0 -ATTTTCCCTTCA CTGATTGC-3 0 ) and hly reverse (5 0 -CACTCAGCA TTGATTTGCCA-3 0 ) [17] .
Resuscitation by replenishment of nutrition
Attempts to resuscitate the VBNC L. monocytogenes cells by replenishment of nutrients were done at 12°C and 32°C on 4 strains; Scott A (reference strain), L839 (salmon), L2842 (smoked salmon) and L3365 (clinical isolate). Erlenmeyer flasks containing three different concentrations of BHI medium (0.1%, 1% and 10% of the concentration recommended by manufacturer) were incubated at the two different temperatures for each strain. Five mL diluted BHI medium was inoculated with 100 lL each from the flasks with non-culturable L. monocytogenes strains, and incubated for 3 days at 12°C and 1 Lindbäck T., unpublished results. 32°C. After 3 days, samples of 100 lL were plated on blood agar. The concentration of BHI in the flasks was then increased to 1%, 10% and 50%, respectively. The flasks were further incubated for 3 days and samples of 100 lL were plated on blood agar. A third sample was plated on blood agar after 9 days of incubation. The blood agar plates were incubated overnight at 32°C. The experiment was performed twice.
Resuscitation with Na-pyruvate
H 2 O 2 -degrading agents such as sodium pyruvate are previously shown to facilitate resuscitation [47] of VBNC organisms. Samples of 0.1 mL microcosms with VNBC L. monocytogenes cells were plated on BHI agar with 0.1% sodium pyruvate. Plates were checked for colonies after 24 and 48 h incubation.
Plaque-forming cell assay
The virulence of L. monocytogenes strains and their VBNC forms was estimated by a plaque-forming assay [40] . The virulent strain EGDe BUG1600 (Pasteur Institute culture Collection, France) was used as control. Human colon adenocarcinoma cell line HT-29 (ECACC N°85061109, Salisbury, UK) was used between passages 86 and 95. Cells were grown in 75-cm 2 plastic tissue culture flasks (Falcon, VWR) in Dulbecco's Modified Eagle Medium with 4.5 g/L glucose (DMEM; GIBCO, Invitrogen) supplemented with 10% (v/v) foetal calf serum (PAA) and 2 mM L-glutamine (PAA). Antibiotics (100 IU/ mL penicillin, 100 lg/mL streptomycin (PAA)) were routinely added to the culture medium during maintenance of the cells, but not for the virulence assays. Cells were maintained in culture in a humidified incubator (NuAire DH Autoflow, MN, USA) at 37°C under 5% (v/v) CO 2 . Confluent HT-29 cell monolayers were cultured in DMEM supplemented with antibiotics in 96-well tissue culture plates for 4 or 5 days (Falcon, VWR) after inoculum of 3.2 · 10 4 cells or 2.4 · 10 4 cells in 100 lL culture medium per well, respectively. One day before infection, cells were incubated in culture medium without antibiotics. Numbers of 10 2 to 10 7 L. monocytogenes cells from an overnight BHI culture at 37°C or 10 7 VBNC L. monocytogenes cells were added to each well of the monolayers. After 2 h at 37°C, the extracellular bacteria were killed by incubation with 100 lg/mL gentamicin for 1 h 30 min. The HT-29 cell monolayers were then overlaid with medium containing 0.8% SeaPlaque Ò GTG Ò Agarose (Lonza, Rockland, ME, USA) in the culture medium, supplemented with 10 lg/mL gentamicin, and further on with the latter culture medium without agarose. After overnight incubation, the wells were examined for formation of plaques using an inverted microscope. Duplicate wells were used and the experiment was repeated for each strain. Results were expressed as the number of plaques obtained for 7 log L. monocytogenes or VBNC L. monocytogenes per well. The mean of the results from all the experiments was used for determination the virulence of the EGDe control strain. Strains with values higher than the lower CI limit of the EGDe value were considered to be virulent. À/À mice. Mice were routinely weighted, sacrificed 2 weeks after injection and liver and spleen lysates prepared in 5 and 2 mL 0.1% triton containing PBS. One hundred lL of the lysates were then plated on BHI plates. The experiments in mice comply with the Karolinska Institute's regulations for care and use of laboratory animals.
RESULTS
Starvation in microcosm water
All tested strains of L. monocytogenes (n = 16) entered a non-culturable state after 5-12 weeks of incubation in microcosm water (mean 7.9 ± 2.6 SD). Evolution of the culturable count of L. monocytogenes Scott A starved in microcosm water is shown in Figure 1 . The decrease in CFU varied substantially among the strains, and no correlation was observed between the source of isolation and the rate of decrease in CFU/mL.
Viability of non-culturable L. monocytogenes cells
Non-culturable cells of all the 16 tested strains generated ATP, although they did not grow on blood agar. Figure 2 shows the average ATP detected in non-culturable cells of the 16 tested strains after incubation in BHI for 1 h (3.4 ± 1.5 nM SD). The ATP concentration remained at the approximately same level (2.3 ± 1.5 nM SD) when measured after 3 days of incubation in BHI. The production of ATP indicated that the non-culturable cells were viable, and confirmed that they had entered the VBNC state. ATP generation measured in the strains maintained in microcosm water for 12 weeks, 6 and 12 months were similar, indicating that the VBNC L. monocytogenes were stable for at least one year in the microcosm water. Despite the loss of culturability, LIVE/ DEAD BacLight TM assay of L. monocytogenes strains starved to non-culturability showed that 68 ± 16% SD of the cells remained viable (average of the 16 tested strains). Figure 3 shows microscopic pictures of LIVE/DEAD BacLight TM assay of VBNC L. monocytogenes ScottA.
Transcriptional analysis of hly
Transcripts of hly were detected in VBNC cells of all the 16 strains by RT-PCR. To confirm that detected hly mRNA was a result of ongoing transcription, VBNC L. monocytogenes were incubated in BHI containing rifampicin which inhibits de novo mRNA synthesis, thus degradation of present mRNA can be studied. The variation in degradation of hly transcript with time for four of the strains is shown in Figure 4 . In two of the tested strains, Scott A and L839, no hly transcripts could be detected 8 h after incubation with rifampicin. For the EGDe strain and strain L1069 a weak RT-PCR product indicated small amounts of hly mRNA 10 h after incubation with rifampicin. Attempts to resuscitate the VBNC L. monocytogenes cells by replenishment of nutrients were done at 12°C and 32°C on 4 of the 16 strains (L1069, L2842, L3365 and Scott A). None of the tested strains did resume growing in any concentration of BHI at any tested temperature. Neither plating VBNC cells directly on BHI plates containing 0.1% Na-pyruvate nor incubating VBNC cells in BHI cultures containing 0.1% Na-pyruvate, prior to plating, did result in resuscitation.
Virulence in plaque-forming assay and immunodeficient mice
All the 16 tested L. monocytogenes strains expressed virulence in the plaque-forming assay in their culturable form, except for L1338 (4.28 ± 0.24 log). This strain was therefore tested in a mouse assay, and was shown to be virulent (data not shown). In contrast, none of the 16 tested VBNC L. monocytogenes expressed virulence (Tab. I). VBNC L. monocytogenes Scott A were injected i.p. in RAG1 À/À mice. Despite the high sensitivity of these B and T cell deficient animals to infection with L. monocytogenes, bacteria were not detected in spleen or livers from mice inoculated with 10 7 VBNC L. monocytogenes.
DISCUSSION
In this study we show that all examined strains (16) of L. monocytogenes isolated from salmon, salmon-processing environment and patients, as well as two reference strains, entered the state of VBNC after starvation in microcosm water. We examined numerous strains from a wide selection of sources, and strains from different sources had the same ability to enter the VBNC state. All the tested strains entered the VBNC state, in contrast to results obtained by Besnard et al. [7, 8] where only 2 out of 4 culture collection L. monocytogenes strains entered the VBNC state after starvation. The difference in results may be due the use of environmental and patient isolates instead of laboratory reference strains, and the fact that the VBNC state was induced by starvation at different temperatures. The time taken to reach the VBNC state broadly is in agreement with other studies, spanning between 5 and 12 weeks before no CFU could be detected in 1 mL microcosm. It lapsed 2, 4 and 6 weeks, respectively for Enterococcus faecalis, Edwardsiella tarda and Aeromonas hydrophila to become non-culturable in microcosm water at 4°C [21, 29, 47] , however, only a few strains were examined in each of those studies.
ATP quantification, LIVE/DEAD BacLight viable counts and mRNA transcription are included in this study to demonstrate viability in the non-culturable L. monocytogenes strains. ATP measurements has previously been used as a viability marker [9, 24, 27] , and RT-PCR have been used for investigating viability and potential virulence in VBNC V. parahaemolyticus, VBNC Enterococcus faecalis and VBNC V. vulnificus [18, 25, 28] . The so far most common used technique to confirm the VBNC state is the microscopic method using intracellular hydrolysis of CTC (5-cyano-2,3-ditolyl tetrazolium chloride) into an insoluble fluorescent salt by enzymes in the respiratory chain, and LIVE/ DEAD BacLight viable counts are reported to be comparable to results obtained with the CTC staining assay [10] .
When ATP in the VBNC cells was measured after incubation in BHI for 3 days the concentration remained at the same level as for 1 h (Fig. 2) , although the VBNC did not regain the ability to divide and grow on blood agar. This is consistent with results reported previously; L. monocytogenes cannot be resuscitated in rich medium such as BHI [8, 20] , although the metabolic activity seems to be maintained. When L. monocytogenes had entered the state of VBNC and the cells were maintained in microcosm water at 4°C, we observed that the VBNC cells were stable for at least 12 months, corresponding with the observation presented by Bunker et al. [12] that Pseudomonas fluorescens can remain in the VBNC state for over a year. According to the LIVE/DEAD BacLight assay, the number of viable cells after 12 weeks in microcosm water varied between the strains, from 45 to 90% (mean 68 ± 16% SD). Our estimation of the proportion of viable cells differed markedly with the two methods employed. If one assumes that the ATP concentration is equivalent in culturable cells and VBNC cells, then the amount of ATP generated by VBNC L. monocytogenes suggests that 1% of the starved cells had entered the VBNC state. If, however, the ATP concentration is higher in growing cells than in VBNC cells, the percentage of cells entering the state of VBNC will be correspondingly greater. Even so, this appears to be substantially lower than that predicted from the LIVE/DEAD BacLight assay (68%).
RT-PCR is not a quantitative method and may not be ideal for detection of mRNA halflife, but the results comparing accumulation of transcripts in presence or absence of rifampicin indicated a very long half-life (6-10 h) in VBNC L. monocytogenes compared to the mRNA half-life in culturable cells (2-4 min) [5, 38, 39] . Using RT-PCR, Smith and Oliver concluded that detected mRNA in VBNC V. vulnificus was a result of de novo synthesis, with a half-life of 60 min [44] . The results shown in Figure 4 clearly indicate an effect of rifampicin in three of the strains, Scott A, L839 and L1069, indicating de novo mRNA synthesis in VBNC L. monocytogenes.
Ongoing transcription of hly described in the present study together with the fact that VBNC L. monocytogenes could be resuscitated in embryonated eggs in a previous study [14] , suggest maintenance of potential virulence. However, in this study they appeared avirulent to immunodeficient RAG1 À/À mice and HT-29 cells in culture. This is supported by Cappelier et al. [13] finding that VBNC L. monocytogenes LO 28, ATCC 19115, CNL 895807 and Scott A, were negative for virulence in the HT-29 cell assay and in immunocompetent mice.
In this study we have tried to resuscitate the VBNC L. monocytogenes by gradually adaptation to nutrients at different temperatures attempting to emulate real life conditions. However, none of the tested strains regained the ability to grow and form colonies by gradual replenishment of nutrients. Neither did addition of the H 2 O 2 -degrading compound Na-pyruvate facilitate resuscitation of the VBNC L. monocytogenes cells. This is in contrast to Vibrio ssp. [44, 48] , Enterococci [29] and Citrobacter [19] that have been successfully resuscitated in culture medium. Campylobacter required animal models such as mice and embryonated eggs to regain culturability [3, 15] . However, L. monocytogenes did neither resuscitate after injection in immunocompetent mice in the study by Cappelier et al. [13] , nor in immunodeficient mice in the present study.
In conclusion, the entrance of L. monocytogenes into the VBNC state is of interest for the food industry since routine bacteriological testing will fail to detect non-culturable organisms in the processing environment and in the products. We found that L. monocytogenes isolated from salmon, salmon-processing environment and patients entered the VBNC state after starvation. Despite viability according to ATP generation, membrane integrity and hly de novo transcription, the VBNC cells were neither resuscitated by addition of the H 2 O 2 -degrading compound Na-pyruvate nor by a gradual adaptation to nutrients. In view of the fact that VBNC L. monocytogenes did not show virulence in immunodeficient mice and HT-29 cells in culture, we propose that VBNC L. monocytogenes induced by starvation are avirulent.
